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Uptake of Common Pharmaceutical Compounds in Hydroponically Grown Lactuca Sativa
Dorottya Ida Kelemen, B.S.
University of Debrecen, 2013
Pharmaceutical compounds (PC) have recently gained more attention as micropollutants in
treated wastewater. Their uptake into food crops needs further investigation. Thirteen PCs were
chosen for this particular case based on their frequent appearance in wastewater effluent and
previous plant uptake studies. A Common vegetable, Lactuca sativa, or bibb lettuce was
cultivated in the Agricultural Biotechnology Laboratory greenhouse of UConn where deep water
culture hydroponic systems were used with the following experimental setups: tap water, tap
water with spiked PCs; wastewater effluent; wastewater effluent with spiked PCs. A nutrient film
technique setup with continuous water circulation was also installed with spiked tap water and
effluent. Both water and plant characteristics were monitored and analyzed. Elemental tissue
content was measured via ICP-MS and wet tissues were extracted for PCs and analyzed using
LC-MS (liquid chromatography mass spectrometer) instruments. PC concentrations ranged
generally from 0.2 µg/L to 4.1 µg/L, spiked media being higher than wastewater effluent. Tissue
content was found to be in the low ng/gdw. Overall, compounds were more accumulated in root
tissues than leaf, this indicates low translocation factors or in other words several compounds
(sulfamethoxazole, ketoprofen, naproxen) have only been detected in roots. Acetaminophen,
atenolol, ciprofloxacin, gemfibrozil, and ibuprofen have not been detected at all in the plants.
Bioconcentration factor was calculated as the ratio of chemical concentration in the plant tissue
to the exposure concentration. Carbamazepine, caffeine and diclofenac were the most
accumulated compounds (BCF=30.2-32.9) while propranolol, ketoprofen, sulfamethoxazole,
sulfadimethoxine were found to be the least accumulated (BCF=0.2-7.1). This study also
vi

assessed the potential for human health risks regarding the toxicity of these compounds by
comparing to the acceptable daily intake. The highest detected PCs (caffeine, diclofenac,
carbamazepine) were taken into further risk evaluation. Estimation showed acceptable daily limit
with lettuce consumption was not reached, furthermore the intake of pharmaceuticals were
magnitudes lower.
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1. Introduction
Treated wastewater can potentially play an important role in agriculture as irrigation
water due to the increasing scarcity of quality fresh water, especially in semiarid regions (Garcia
et al, 2015; Kumar et al, 2016). However, contaminants that are not readily removed in
wastewater treatment processes have the potential to enter into the food chain by plant uptake
and subsequent human consumption (Paltiel et al, 2016). Pharmaceutical compounds (PC) have
recently gained more attention in this context due to their occurrence and limited removal in
treated wastewater (Heberer, 2002; Oulton et al, 2010). Unlike other contaminants present in
wastewater, PCs are not currently regulated, though some are on the drinking water contaminant
candidate list in the United States (CCL4, EPA). Currently, only a few European countries have
approved changes to their wastewater treatment plants to target micropollutants, a subset of
which are PCs, using either activated carbon or advanced oxidation (Eggen et al, 2014), but there
is no technology available for sufficient removal of all PCs. This raises concerns about their
accumulation in the environment, and possibly food crops if used for irrigation.
With such magnitude of pharmaceutical production and use, these micropollutants are
continuously introduced to aquatic environments via domestic, industrial or hospital wastewater
and improper disposal of products. Pharmaceutical compounds are used globally for multiple
purposes such as antibiotics, analgesics, hormones and anti-inflammatory drugs for treating and
preventing diseases. These compounds may have ecotoxicological effects (Kalyva, 2017) in their
original form and concentration, but also under certain conditions, by-products and metabolites
can form that are unknown and haven’t been studied. Many reports have found a wide range of
PCs present in effluents. A study by Kostich et al measured 56 different PCs in US wastewater
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treatment plants for instance (Kostich, 2014). Typical concentrations range from ng/L to low
μg/L (Table 1).

Table 1 Typical pharmaceutical concentrations in US reclaimed water (Qin et al 2015)
Pharmaceutical
Gemfibrozil
Naproxen
Diclofenac
Ciprofloxacin
Carbamazepine
Ibuprofen
Ketoprofen
Acetaminophen
Sulfamethoxazole
Caffeine

μg/L
0.094 - 19.4
0.15 - 13.14
0.11
0.3
0.094
4.06
0.14
0.65
0.059
0.017 - 0.34

Upon considering the potential human health risks from PC consumption in food
products, the first concern is the uptake of PCs into plant tissue. Such exposure to these
compounds may also affect plant development and productivity as some studies have linked
antibiotics to a decrease in development and plant mortality, but those are at mg/L concentrations
(Carvalho et al, 2014). The fate of PCs in food crops has been studied with varying compounds,
plant species and growth conditions. Some are focused on field grown crops, where the soil can
remove or retain some portion of the contaminants via adsorption or microbial degradation
(Franklin et al, 2016). Studies have also experimented with high level PC exposures to plants.
Maize and sunflower were exposed to acetaminophen, carbamazepine and ibuprofen at 15 mg/L
for five days, and ibuprofen levels went non-detect completely after the first day, while
acetaminophen depleted gradually and carbamazepine showed little to no decrease at all. The
study also concluded no negative effects on growth and final plant biomass. Some experiments
focus on common vegetables related to possible human exposure to PCs through consumption.
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Carbamazepine uptake into cucumber, carrot, lettuce, pepper and tomato cultivated in the field
with treated wastewater irrigation has been observed and was as high as 100 ng/g in lettuce
(Paltiel et al, 2016). The same study also found traces of carbamazepine in corresponding storebought vegetables. Another study conducted with root vegetables (carrots and sweet potatoes)
grown in soil showed uptake of carbamazepine, caffeine, and lamotrigine, with the latter
exceeding the threshold of toxicological concern with regard to typical daily consumption of a
child (Malchi et al, 2014). Other studies have concentrated on greenhouse conditions (Sallach et
al, 2016; Paz et al, 2016), which allows a more controlled setup grown in soil or soilless media.
Radish and carrot showed uptake of triclosan and triclocarban in a 2016 experiment by Fu et al.
The vegetables were directly sown in spiked soil (1 mL PCs in 100g soil) and then cultivated
through 34 days (radish) or 70 days (carrot). Both compounds showed more accumulation in the
order of root skin<root core<leaf. Nonionic PCs typically showed more uptake than ionic in
these vegetables and concentrations were typically higher in leaves than roots.
The uptake of PCs by plants likely depends on the charge and polarity of the compound.
Pharmaceuticals compounds can be neutral, cationic, anionic or zwitterionic under different pH
conditions. Neutral compounds have the potential to move readily across a plant membrane
through diffusive mechanisms, though this requires the compound to partition first into the
membrane and back into the aqueous phase inside the cell. Since most PCs are hydrophilic, they
are unlikely to partition to any great extent into the plant cell membrane, thus limiting their
passive transport into the cell. In a paper on foliar sorption of PCs into lettuce (Calderon et al,
2013), where after 48 hours of incubation in a solution of organic microcontaminants lettuce
leaves showed a significant distribution of compounds vs the water content. The higher the log
Kow was, the more sorption was observed, e.g. diclofenac with a log Kow of 1.17 sorbed less than
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triclosan with a log Kow of 4.61. Charged organic compounds, either cationic or anionic, more
likely require membrane proteins to aid in transport. Plants are capable of transporting a wide
variety of chemicals across membranes, such as sugars, secondary metabolites, plant hormones,
or even pesticides (Miller et al, 2009). Higher levels of carbamazepine, sulfamethoxazole, and
triclosan have been shown to accumulate in cabbage roots compared to shoots (Holling et al,
2012), while other studies observed more carbamazepine and caffeine in carrot leaves rather than
roots (Malchi et al, 2014), necessitating transport across the root cell membranes in that case.
With the broad range of PCs with different chemical characteristics and limited studies
examining uptake in plants, our current knowledge of PC uptake and transport mechanisms is
limited.
The most likely application of treated wastewater irrigation of food crops is in
greenhouses given the limited co-location of domestic wastewater treatment plants with largescale field agricultural systems. Hydroponic or soilless growth systems are common as this
provides better control over conditions and adequate nutrient supplement without the variable
effects of soil. However, in the case of contaminant exposure, this type of growing system has
more potential for plant uptake due to the removal of soil that could retain or transform some
PCs. In the literature, experiments examining PC uptake pathways and rates or effects on crops
are often carried out with spiked concentrations that are much bigger in magnitude than what is
typical in effluent (Wu et al, 2012; Dodgen et al, 2015). PC uptake research focused on effluent
as a potential water source for greenhouses is less commonly conducted using hydroponic
experimental conditions. Knowing that soils play some role in limiting transport and uptake into
plant tissue, either via retention mechanisms or microbial degradation, but also result in known
uptake of some PCs in food crops (Malchi et al. 2014), further research is needed in hydroponic
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greenhouse production of food crops to determine if the concerns are greater for wastewater
reuse given the lack of soil. This study aims to assess PC uptake in greenhouse plant production
systems for lettuce, using wastewater effluent as the water source and with spiked or unspiked
concentrations of PCs to examine if any uptake into roots or translocation to shoots occurs in this
context. The selection of PCs was based on common use, their occurrence in wastewater and
overall prevalence in scientific literature for similar crop species. The impacts of water source on
plant growth and tissue elemental and PC concentrations are also presented.
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Materials and Methods

2.1 Pharmaceutical compounds and other chemical reagents
A total of 13 pharmaceuticals were selected for this study (Table 2): Acetaminophen, atenolol,
caffeine, carbamazepine (and carbamazepine-C13 as a surrogate), ciprofloxacin, diclofenac,
gemfibrozil, ibuprofen, ketoprofen, naproxen, propranolol, sulfadimethoxine, sulfamethoxazole,
were all purchased from Sigma-Aldrich. A stock PC solution was prepared by dissolving all PCs
in methanol at 500mg/L. A diluted stock (10 mg/L) was then used for spiking the hydroponic
growth media during the experiment. Atrazine-d5 was purchased from Sigma-Aldrich as an
internal standard used in LC-MS analysis. Magnesium sulfate anhydrous and sodium acetate
anhydrous (Fisher Scientific) were used to make QuEChERS powder for plant tissue extraction.
Jack’s Hydroponic 5-12-26 and CaNO3 provided the macro and micronutrients for hydroponic
lettuce production. Treated wastewater was obtained from the Water Pollution Control Facility
(WPCF) located on the University of Connecticut campus.
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Table 2 Characteristics of the thirteen pharmaceutical compounds
Compound

Formula

Molecular Weight

Water Sol.

(g/mol)

(mg/L)

logKow

pKa

Acetaminophen

C8H9NO2

151.165

14000

0.46

9.38

Atenolol

C14H22N2O3

266.341

13300

0.16

9.67;
14.08

Caffeine

C8H10N4O2

194.194

21600

-0.07

10.4
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Structure

Compound

Formula

Molecular Weight

Water Sol.

(g/mol)

(mg/L)

logKow

pKa

Carbamazepine

C15H12N2O

236.26858

18

2.45

13.9

Ciprofloxacin

C17H18FN3O3

331.347

30000

0.28

6.09;
8.62

Diclofenac

C14H11Cl2NO2

296.14864

2.37

4.51

4.15
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Structure

Compound

Formula

Molecular Weight

Water Sol.

(g/mol)

(mg/L)

logKow

pKa

Gemfibrozil

C15H22O3

250.338

11

4.77

4.5

Ibuprofen

C13H18O2

206.28082

21

3.97

4.91

Ketoprofen

C16H14O3

254.285

51

3.12

4.45(3.88)
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Structure

Compound

Formula

Molecular Weight

Water Sol.

(g/mol)

(mg/L)

logKow

pKa

Naproxen

C14H14O3

230.263

15.9

3.18

4.15

Propanolol

C16H21NO2

259.349

61.7

3.48

9.67;
14.09

Sulfadimethoxine

C12H14N4O4S

310.328

343

1.63

1.95;
6.91
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Structure

Compound

Sulfamethoxazole

Formula

C10H11N3O3S

Molecular Weight

Water Sol.

(g/mol)

(mg/L)

253.27764

610

logKow

pKa

0.89

1.9 ; 6.16
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Structure

2.2 Plant propagation and hydroponic setup
Bibb lettuce (Lactuca sativa) was chosen for the experiment as a common food crop with
a short growth cycle and a high transpiration rate and water content. Seeds were germinated in
thoroughly saturated and covered Oasis Horticubes in a box providing a dark and humid setting
for approx. 5 days before being placed in hydroponic systems. Horticubes with seedlings were
placed in net cups and either fixed in styrofoam sheets and floated in a 10 gal. opaque plastic
storage container for the deep water culture (DWC) setup or placed in PVC channels with roots
hanging into the water flow for the nutrient film technique (NFT) setup. Each DWC setup had 6
plants and sufficient air supply was provided with an aquarium pump and aeration stones.
Nutrient solution was refilled daily as needed and kept at approximately 8 gal. Volume refill for
tracking transpiration was maintained to have the same concentration of PCs throughout the full
cycle simulating continuous exposure to these micropollutants. Water loss was documented
throughout the crop cycle based on volume refilled. The NFT setups were tilted at approximately
a 10 degree angle, and nutrient solution was continuously recirculated from a 10 gal. bucket with
a submersible pump. Nutrients were provided by a Jack’s Hydroponic 5-12-26 and CaNO3
according to recommended amounts (Table 3). The pH was adjusted using NaOH or HCl and
maintained at a range of 5.5-6.5 throughout the whole cycle and electrical conductivity (EC)
maintained at 1300-1600 μS/cm with the addition of nutrient solution. Plants were grown in
greenhouses at the Bioscience Complex of the University of Connecticut. Humidity was
maintained at approximately 60-70%, daytime temperature of 75-80 F and nighttime
temperatures of 65 F. A supplemental light source was operated between 8 AM and 4 PM every
day.
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Table 3 Nutrients supplied to the plants (in ppm) based on recipe by Mattson and Peters, 2015
Jack’s Hydroponic (5-12-26)
+ Calcium nitrate
Nitrogen (N)

150

Phosphorus (P)

39

Potassium (K)

162

Calcium (Ca)

139

Magnesium (Mg)

47

Iron (Fe)

2.3

Manganese (Mn)

0.38

Zinc (Zn)

0.11

Boron (B)

0.38

Copper (Cu)

0.113

Molybdenum (Mo)

0.075

2.3 Experimental setup
Plants were grown with four different water sources used to create the nutrient solution,
including wastewater treatment plant effluent or tap water, with or without a spike of
pharmaceutical compounds. Lettuce grown in tap water-based nutrient solution served as a
control. In the DWC setup, triplicate tubs were grown for each scenario. In addition, three spiked
tap water tubs and three effluent tubs were used for two cropping cycles of lettuce in a row to
assess accumulation or degradation of PCs in solution over time. All PC spikes was carried out
using the previously prepared 10 mg/L stock mix, containing all 13 PCs in equal concentration to
maintain 1 μg/L total concentration in each spiked tub. This level was chosen to be slightly
higher than typical PC content of reclaimed water in the US. In the NFT setup, only a tap water,
PC spiked tap water, and PC spiked effluent were grown.
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2.4 Plant tissue extraction
Plants were harvested after a full growth cycle of 4 weeks. Leaves and roots were
separated above and below the horticube, rinsed with tap water and carefully blotted dry.
Biomass of each plant by wet weight was recorded since PC extraction occurred on wet tissues.
Leaves and roots were separately ground into fine puree using a stainless-steel coffee grinder.
Between each individual use the grinder was thoroughly cleaned using methanol to avoid cross
contamination. Blanks indicated no cross contamination between samples. An extraction and
cleanup method popular in examining pesticide residues in food called QuEChERS was chosen
(Cerqueira et al, 2014; González-Curbelo et al, 2015). A total of 1 g wet weight of tissue was
used for extraction in a 20mL glass scintillation vial. In addition, carbamazepine-C13 was added
as a surrogate resulting in a final target concentration of 500 ng/mL in each sample. Next, 5 mL
methanol was added, followed by a 15 min vortex at 2500 RPM. Approximately 1 g of a
previously mixed QuEChERS powder (MgSO4/NaOAc; 4:1 by weight) was used for extraction
purposes followed by another vortex of 15 minutes at 2500 RPM. Vials were then placed in a
centrifuge for 3 minutes at 3000 RPM to separate plant tissue. A 1 mL aliquot of each sample
was taken and filtered through a 0.22 micron filter using a disposable syringe into a half drum
shell vial. A volume of 450 μL of extract was transferred into an amber LC vial and spiked with
100 ng/mL atrazine-d5 as the internal standard. Plant extractions sometimes include a clean-up
step however this was omitted due to trial method tests showing adequate separation. Finally the
contents of vials were mixed via a quick 1200 RPM vortex before injection into an LC-MS/MS
instrument.
In order to obtain elemental content of plant tissues, remaining tissue samples were dried
and digested in preparation for elemental analysis. Approximately 1 g of dry leaf tissue was
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digested with 4 mL of 70% trace metal grade nitric acid at 95 C for 30 minutes or until brown
fumes subsided, followed by increments of hydrogen peroxide up to 0.5 mL until effervescence
subsided and heated at 95 C for 30 minutes. After digestion, each sample was diluted 10x using
DI water prior to analysis on ICP-MS.

2.5 Water samples and extraction
Water samples were taken from the experimental systems at different times in the growth
cycle. Freshly prepared solutions and effluent from the treatment plant were analyzed in order to
justify spiked concentrations and to record any additional levels of PC (in effluent) before the
plants were placed in for cultivation. Approximately 200 mL of water was extracted for
UPLC/MS/MS analysis. The pH was adjusted to 2 using concentrated HCl and 500 ng/mL
ketoprofen-d3 was added as a surrogate prior to extraction with a 6cc HLB Oasis cartridge
previously pre-conditioned with methanol and DI water. After passing through the entire sample,
the cartridges were placed on a vacuum box for elution. To elute each sample, 10 mL methanol
was passed through each cartridge and collected in glass centrifuge tubes marked at 0.2 mL
level. Following this step, evaporation was performed under a gentle stream of nitrogen (180
mL/min) in a 35 C water bath until the liquid level reached just under the 0.2 mL mark in each
tube. Finally, all samples were spiked with internal standard atrazine-d5 (250 ng/mL) and
adjusted with methanol to the exact 0.2 mL mark if necessary. Using a glass pipette the contents
were transferred to an LC vial for analysis. Water samples for elemental analysis were filtered
through a 0.45 µm nitrocellulose filter and acidified to 1% nitric acid prior to analysis.

2.6 Chemical analysis
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Plant tissue extraction samples were analyzed on an API 4000 QTRAP LC-MS/MS and
water samples were analyzed on a Waters Acquity UPLC Triple Quadrupole MS/MS system in
multiple reaction monitoring mode. Chromatographic separation of compounds was carried out
by an Agilent ZORBAX StableBond C18 column (2.1 x 150 mm, 5 µm particle size). Plant
tissue extraction samples were run with a 22 min reversed phase LC continuous gradient with
solvent A as 0.1% formic acid in water and solvent B as 0.1% formic acid in acetonitrile. A
Sample volume of 5 µl was injected at 0.12 mL/min flow rate. The only difference in analyzing
the water samples was the use of a UPLC, with a 14 min run time and an 8 µL injection volume
at 0.2 mL/min flow rate.

2.7 Plant parameters and calculations
Plant health in general was observed based on visual characteristics compared to the
control setup. Chlorophyll content of the plants was measured using a SPAD 502 Plus
Chlorophyll Meter for a more quantitative parameter of plant health.
For comparison of PC accumulation among different compounds and under different conditions,
the bioconcentration factor (BCF) was calculated by dividing the concentration of a compound in
the plant tissue (ng/g) after the 4 week-cultivation by the concentration in freshly prepared
solution (ng/L).
𝐵𝐶𝐹 =

𝐶𝑝𝑙𝑎𝑛𝑡
𝐶𝑤𝑎𝑡𝑒𝑟

2.9 Risk assessment calculations
For toxicological concerns to possible human exposure, an acceptable daily intake (ADI)
was calculated for each PC. The acceptable daily intake represents the amount of substance that
can be ingested daily over a lifetime without appreciable health risk. A standard body mass of 70
15

kg is often used for the daily intake per person (Webb et al, 2003). This daily intake was
estimated by multiplying the contaminant concentration in lettuce leaves (wet wt based on the
assumption that most households purchase and prepare lettuce without the roots) with the
average mass of the plant consumed (7.0 gww/day according to US EPA Exposure Factors
Handbook) (Hyland et al, 2015).

3. Results and Discussion
3.1

Water quality

Nutrient and elemental content
Elemental analysis was performed on collected water samples, including freshly collected
effluent from the treatment plant and tap water with added fertilizer to confirm nutrition and
compare any differences. It is important to note that due to variance in initial elemental content,
the nutrients provided to plants may differ slightly in effluent setups from tap water or control
systems. In terms of elements that were not added with fertilizer, the biggest difference was the
about four-fold higher sodium levels in wastewater. Sodium levels were nowhere near
concentrations that are known to have impacts on plant production. Potassium levels were about
50% higher in effluent compared to tap water with fertilizer. Heavy metal (Cr, Mn, Fe, Ni, Cu,
Zn, Mo, Cd, Pb) levels in effluent were all below typical wastewater values (Henze & Comeau).
Table 4 Nutrient and elemental content of water used for cultivation

Elements

Units

(n=2)
Effluent

B
Na
Mg
P
K

ug/L
mg/L
mg/L
mg/L
mg/L

57.8 ± 9.75
127.16 ± 20.59
13.26 ± 0.07
3.89 ± 0.11
17.39 ± 0.13

(n=1)
Effluent with
fertilizer
158.75
134.62
24.06
11.76
32.84
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(n=3)
Tap water with
fertilizer
264.84 ± 18.58
35.32 ± 2.96
33.06 ± 2.50
25.96 ± 1.45
119.06 ± 8.66

Ca
Cr
Mn
Fe
Ni
Cu
Zn
Cd
Pb

mg/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L

29.75 ± 3.02
0.10 ± 0.005
7.89 ± 2.69
25.03 ± 2.73
2.05 ± 0.04
7.23 ± 3.23
52.17 ± 0.13
0.26 ± 0.02
1.46 ± 0.14

58.98
0.02
3.41
284.2
2.28
85.49
71.59
0.25
1.6
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85.69 ± 8.33
0.26 ± 0.14
9.35 ± 6.05
1410.13 ± 188.86
0.92 ± 0.43
157.83 ± 55.71
105.62 ± 8.07
0.34 ± 0.08
2.30 ± 0.24

Table 5 Pharmaceutical compound concentrations in water samples. DWC=deep water culture NFT=Nutrient film technique ND =

start(0 d)

ND

ND

1.49

ND

ND

start(0 d)
harvest(30d)

ND
ND

ND
ND

ND
1.35

ND
ND

ND
ND

0.61±0.34
2.67±0.69
1.67±0.12
1.34±0.19

0.38±0.22
0.55±0.3
0.48±0.22
0.38±0.05

start(0 d)
1.36±0.29 1.75±0.72 1.20±0.24
middle(14 d)
ND
1.61±0.14 0.54±0.24
harvest(30d)
ND
ND
0.60±0.17
2nd cycle end
ND
ND
3.09±0.9
start(0 d)
harvest(30d)

1.93
ND

ND
ND

29.30
23.20

1.28
1.98

ND
ND

start(0 d)
0.22±0.07 0.28±0.2 0.28±0.04 0.34±0.02 0.38±0.05
middle(14 d)
ND
ND
0.30
0.20
0.32
harvest(30d)
ND
ND
0.53
0.28
0.33
start(0 d)
middle(14 d)
harvest(30d)

ND
ND
ND

ND
ND
ND

start(0 d)
harvest(30d)

3.59
ND

ND
ND

4.6±2.9 2.04±0.64 0.65±0.2
1.26
1.57
0.64
0.47
1.55
0.50
13.27
1.13

1.20
1.54

0.95
0.86

Control DWC
ND
ND
ND
Control NFT
ND
ND
ND
ND
ND
ND
Spiked Tapwater DWC
0.49±0.28 0.97±0.56 0.45±0.28
3.80±0.34 1.65±0.46 2.22±2.25
4.10±0.06
0.22 0.6±0.02
4.32±2.72 0.31±0.15 0.85±0.65
Spiked Tapwater NFT
2.19
0.67
2.14
3.16
0.42
1.63
Effluent DWC
4.14±2.93 0.21±0.15 0.53±0.5
1.50
0.21
1.51
1.05
0.21
0.62
Spiked Effluent DWC
4.34±1.6 0.35±0.17 0.91±0.13
3.86
0.32
1.57
3.21
0.22
1.08
Spiked Effluent NFT
5.23
1.39
1.80
7.38
0.60
1.15
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Sulfamethoxazole

Sulfadimethoxine

Propranolol

Naproxen

Ketoprofen

Ibuprofen

Gemfibrozil

Diclofenac

Ciprofloxacin

Carbamazepine

Caffeine

Atenolol

ug/L

Acetaminophen

non-detect.

ND

ND

ND

ND

ND

ND
ND

ND
ND

ND
ND

ND
ND

ND
ND

0.49±0.47
0.76±0.1
0.65±0.03
0.42±0.1

0.29±0.21
1.27±0.04
0.84±0.06
0.46±0.02

0.23±0.04
1.34±0.27
0.98±0.69
0.55±0.08

0.22
0.49

0.31
ND

1.52
0.37

4.18±1.28 3.78±2.18
16.55±5.85 12.46±11.45
3.00±2.09 7.04±4.98
33.83±19.94 3.23±1.87
1.70
ND

4.45
ND

1.87±1.32 0.79±0.44
2.17
ND
2.27
ND

0.13±0.02 0.24±0.17 2.04±0.99
0.13
0.24
1.14
0.13
ND
1.41

26.76±19.29 1.59±2.76 0.47±0.14 0.78±0.46 1.85±1.29
11.12
5.42
0.37
0.90
2.53
39.53
ND
0.37
0.54
1.81
6.04
7.08

15.59
ND

0.52
0.20

1.11
0.35

0.71
0.30

Tap water source contained no pharmaceuticals except traces of caffeine in some
samples, while initial PC content of effluent received from the WPCF ranged from 0.2 µg/L to
4.1 µg/L. Two compounds in effluent were higher, diclofenac and sulfamethoxazole, at about 4
and 2 ug/L, respectively. Some of the effluent samples had significantly higher concentrations,
particularly for ketoprofen and diclofenac. Spiking tap water with the 13 PCs resulted in
concentrations of low µg/L levels, however compound to compound comparison showed higher
values than they were in the effluent source. This range was satisfactory as the aim was to have
an experiment with slightly higher values than typical wastewater levels (Table 1).
Ten of the compounds can be seen in higher concentrations mid-cycle of the spiked tap
water experiment compared to initial levels, which could be in part due to accumulation caused
by the refill versus uptake rate or no uptake. At the time of harvesting the first cycle of lettuces
eleven of the compounds were at a lower concentration than the middle sample data, out of
which acetaminophen and atenolol were not detected. A second spiked tap water cycle was
continued right after in the same tubs which was sampled at the end. Again, acetaminophen and
atenolol were not detected. The majority of the remaining compounds were in similar levels
compared to the end of the first growth cycle, but caffeine and ketoprofen showed increases.
Despite the discussed differences all compounds showed constant presence in the spiked
tap water tubs during the growth cycles in a low µg/L range. Three (ciprofloxacin, ibuprofen,
sulfadimethoxine) compound levels were analogous in spiked tap water and effluent. Initial
concentration of diclofenac and sulfamethoxazole were higher in the effluent. Acetaminophen,
atenolol and naproxen were all ND from the middle to harvest sampling. Similar to tub
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experiments, effluent was regularly refilled to a marked point during the cycle which in this case
shows continuous levels throughout the three sampling times in compounds that did not reach
depletion (meaning ND as a result). Increased PC level was observed in spiked effluent solutions
compared with raw effluent results, especially in ketoprofen (1.87 < 26.76 µg /L), carbamazepine
(0.33 < 2.04 µg /L) and naproxen (0.79 < 1.59 µg /L). Acetaminophen and atenolol have not
been detected the whole cycle of the spiked effluent experiment.
PC content of the NFT system was also analyzed throughout the whole cycle, similarly
some compounds were non-detect during the operation. As mentioned before, water volumes
were not refilled during the trickle experiments. Hence evapotranspiration can result in some
compounds to concentrate in the water matrices (e.g. diclofenac). If plant uptake takes place the
PC values could be similar in the beginning and harvest (e.g. carbamazepine) or decrease to a
lower amount (e.g. naproxen). Caffeine, acetaminophen, ketoprofen, naproxen and
sulfadimethoxine were all ND at harvest. Atenolol and ciprofloxacin were not observed during
the whole cycle. The trickle setup of spiked effluent presents a decrease in ciprofloxacin,
gemfibrozil, ibuprofen, propranolol, sulfadimethoxine and sulfamethoxazole levels from start to
harvest. Acetaminophen and naproxen are ND by the end of cycle. A significant drop was
measured in caffeine (13.26→1.13 µg /L) and naproxen (15.59→ 0 µg /L).
Changes in pharmaceutical compound concentrations over the crop cycle could be due to
multiple reasons such as photolysis, biodegradation, adsorption, concentration, or dilution
depending on whether plants take up the compounds. Some compounds such as atenolol, are
known to photodegrade in aqueous solution, and higher nitrate levels or lower pH can lead to
enhancement of the rate constant (Ji et al, 2012). However, photolytic pathways are expected to
be minimal in this case since the solutions were kept in the dark to minimize algal growth.
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While adsorption of pharmaceutical compounds to container walls is unlikely given their ionic
forms and relatively high solubility, it is possible that some compounds microbially degraded in
the solution. The compounds that stand out with large losses, acetaminophen, atenolol and
naproxen are all known to biodegrade (Caracciolo et al. 2015). Biodegradation of
pharmaceuticals have been studied in natural microbial communities, amongst most common
drugs (Caracciolo et al, 2015). The other alternative for losses of pharmaceutical compounds
from solution is the uptake in plants.
3.2 Plant tissue results
Plant health parameters
Biomass of the different cycles was not used for overall comparison in plant quality
because the light irradiance varied some during the six experiments. Visually all plants showed
healthy development and chlorophyll content was constant through every crop cycle (34-37
SPAD unit).
Pharmaceutical content
Acetaminophen, atenolol, ciprofloxacin, gemfibrozil, and ibuprofen were not detected
(ND) in any of the plant tissue samples. In the case of acetaminophen and atenolol, which were
generally non-detect in the growth solution in samples taken later in the growth cycle, this might
be due to loss of the compounds from solution and therefore unavailability for uptake. However,
in the case of ciprofloxacin, gemfibrozil and ibuprofen, which were observed in solution during
the entire growth cycle, perhaps there is no effective mechanism of transport into the plant
tissues.
Control setup
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The control leaf and root tissues of both tub and trickle setups showed no detection of the
13 compounds, except for caffeine. Leaf content was found to be an average of 3.9 ±1.8 ng/g in
DWC and 5.4 ±2.3 ng/g in NFT systems. DWC grown roots had 3.7 ±3 ng/g and NFT grown
roots were non-detect. Since there was some caffeine in the control solutions at the end of the
experiment, and others have observed uptake in lettuce, this was expected. The source of
caffeine in the control tubs over time is unknown.
Spiked tap water setup
Three tubs were used for two rounds of full cycle lettuce cultivation consecutively. Leaf
tissues showed presence of 6 PCs. Particularly high uptake was observed for caffeine, around 20
ng/g in the first round and approximately a quarter the amount in the second cycle. Diclofenac
was detected in similar levels of both cycles (~5 ng/g avg). Carbamazepine uptake was found to
be approx. 10 ng/g avg in the first cycle, whilst it was around 2.5 ng/g avg in the second cycle,
this being statistically significant (*). Propranolol was the lowest detected compound with 1.6
ng/g avg in the first and 0.6 ng/g avg in the second round of lettuce leaves. The remaining 7
compounds were not detected in either cycle (Figure 1). Lettuce grown in trickle setup with
circulating spiked tap water also had caffeine as the highest compound detected in the leaves (17
ng/g avg), followed by diclofenac just around 4 ng/g and small traces of propranolol and
carbamazepine (0.5 ng/g avg) (Figure 2).
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Figure 1Pharmaceutical compound uptake in lettuce leaves grown in spiked tap water filled
tubs. Data marked with a * indicate a significant difference between cycle 1 and 2 (p<0.05).
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Figure 2 Pharmaceutical compound uptake in lettuce leaves grown in spiked tap water filled
trickle system
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In contrast to leaf tissue content, the root uptake of the same PCs was higher and additional
compounds were detected as well. Naproxen concentrations were the highest in both cycles,
around 40 ng/g in the first and 70 ng/g in the second round of the spiked tap water DWC
experiment. Caffeine uptake differences between cycles was the opposite, with close to 40 ng/g
after the first and only 7 ng/g after the second cycle. A T-test showed significance(*) in caffeine
and naproxen difference between plants of cycles 1 and 2. Carbamazepine was detected 25 ng/g
avg and only a fair amount of samples (12.5%) had around 8 ng/g avg in the second round.
Diclofenac and ketoprofen were both slightly above 10 ng/g avg, leaving propranolol (7.3 ng/g)
and sulfamethoxazole (5.8 ng/g) the lowest detected in the first cycle. After the second round of
spiked water grown lettuce, diclofenac and ketoprofen were 5.4 ng/g and 6.6 ng/g avg and
propranolol only 2.5 ng/g (Figure 3). Lettuce root from the spiked water trickle experiment had
caffeine (13.7 ng/g) and diclofenac (10.8 ng/g) as leading detected pharmaceutical levels with a
low (2.2 ng/g) propranolol presence. In contrast to the tub experiment, the following 4
compounds were not detected in the trickle setup grown roots (carbamazepine, naproxen,
ketoprofen and sulfamethoxazole) (Figure 4).
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Figure 3 Pharmaceutical compound uptake in lettuce roots grown in spiked tap water filled tubs.
Data marked with a * indicate a significant difference between cycle 1 and 2 (p<0.05).
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Figure 4 Pharmaceutical compound uptake in lettuce roots grown in spiked tap water filled
trickle system
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Effluent setup
Treated effluent grown lettuce was also assessed for pharmaceutical uptake across two
crop cycles. Two cycles were carried out however both rounds were effluents collected at
different times and therefore using different tubs for cultivation. Seven compounds
(acetaminophen, atenolol, ciprofloxacin, naproxen, ibuprofen, ketoprofen, gemfibrozil) were not
found in plant tissues in either case. Four compounds were observed in leaf tissue during the first
cropping cycle, with caffeine the highest above 15 ng/g, propranolol the lowest at about 2 ng/g,
and carbamazepine and diclofenac in the middle (Figure 5). In contrast to only four detected
compounds in the first crop cycle, the uptake was similar or higher in the second cycle, while
additional compounds, sulfamethoxazole and sulfadimethoxine, were also observed. The roots
showed uptake of the same compounds generally at higher concentrations, and additionally
naproxen and ketoprofen. Almost all compounds were higher in the first cycle (caffeine about
five times higher) however in the case of naproxen, uptake was greater in the second round of
experiment. Finally, statistics showed significant difference of leaf tissue carbamazepine values
in the two cycles as well as naproxen and caffeine in the root tissues (*) (Figure 6).
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Figure 5 Pharmaceutical compound uptake in lettuce leaves grown in effluent filled tubs. Data
marked with a * indicate a significant difference between cycle 1 and 2 (p<0.05).
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Figure 6 Pharmaceutical compound uptake in lettuce roots grown in effluent filled tubs. Data
marked with a * indicate a significant difference between cycle 1 and 2 (p<0.05).
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Spiked effluent setup
Spiked effluent experiments were also repeated in two cycles. T-test showed significant
contrast amongst two for carbamazepine and caffeine (*). Carbamazepine was measured as high
as 18.5 ng/g in the first cycle, in contrast to the low second cycle levels. Caffeine content was
also higher in (10.5 ng/g) in the first round compared to the second (5.9 ng/g). Levels of
diclofenac were around 7 ng/g in both experiments, and propranolol content seemed to be the
lowest (Figure 7). Leaf tissue concentration in the trickle set up showed once again the same four
compounds (carbamazepine, diclofenac, propranolol, caffeine) in low levels.
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Figure 7 Pharmaceutical compound uptake in lettuce leaves grown in spiked effluent filled tubs.
Data marked with a * indicate a significant difference between cycle 1 and 2 (p<0.05).
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Figure 8 Pharmaceutical compound uptake in lettuce leaves grown in spiked effluent filled
trickle system
Significant amount of naproxen was detected in the roots of spiked effluent grown plants
(*). First cycle showed higher amounts of carbamazepine (17.4 ng/g), diclofenac (21.7 ng/g*),
ketoprofen (15.3 ng/g) and caffeine (27.4*) compared to lettuce of the second cycle.
Sulfamethoxazole was found in roots of the first harvest at 6.5 ng/g (Figure 9). Out of all above
experiments, the trickle setup with spiked effluent media stood out with close to no PC content.
This is in contrast with concentrations in the leaf tissues of the same plants. Consequently,
carbamazepine and caffeine could have completely translocated into the leaves as it was ND in
the roots (Figure 10).
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Figure 9 Pharmaceutical compound uptake in lettuce roots grown in spiked effluent filled tubs.
Data marked with a * indicate a significant difference between cycle 1 and 2 (p<0.05).
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Figure 10 Pharmaceutical compound uptake in lettuce roots grown in spiked effluent filled
trickle system
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In summary, PC concentration was found to be higher in roots than leaf tissues. If solely
based on the ratio of weight and water content of roots to leaves a higher leaf content would have
been expected. However, tissue translocation based on compound characteristics along with
plant physiology can play an important role in where PCs tend to accumulate. Specifically tissue
translocation in lettuce was compared with carrot and tomato in a 2015 study. The authors
discussed how the ionic state of a compound greatly affects adsorption on root surfaces and
furthermore interactions and transfer within plant cells. The experiment concluded that out of the
three vegetables, lettuce showed the least translocation from roots to leaves by calculating TF
(translocation factor, leaf concentration divided by root concentration) (Dodgen et al, 2015).
Sulfamethoxazole was shown to have the least TF in our experiment, which is similar to Dodgen
et al. (2015) in that the compound was predominantly found in root tissues as well.
The pharmaceutical compounds carbamazepine, diclofenac and caffeine were most
consistently showing up in leaf tissues, while sulfamethoxazole, ketoprofen and naproxen were
not observed in leaf tissues. A 2012 study has also found some of these compounds being nondetect in iceberg lettuce when exposed at 500 ng/L such as acetaminophen, atenolol,
sulfamethoxazole, naproxen, diclofenac and ibuprofen (Wu et al, 2012).
Comparison of the two hydroponic systems shows that a limited number of compounds
(mainly caffeine and diclofenac) were uptaken in significantly lower amounts when lettuce was
cultivated in NFT setup, without water refills. As the NFT system provides more of a shallow
contact with flowing water for the roots, the submergence of roots in solution is different than in
it is in a DWC system. This contrast in direct root-water contact can implicate limited uptake of
PCs. While it was also discussed how some pharmaceuticals degrade chemically, biologically
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over time, it might be a more prominent limitation in a system where there is no continuous
source of compounds.

Bioconcentration factor
A bioconcentration factor (BCF) was calculated by taking the average water and plant
concentration data from each system per growth cycle. BCF is a way to describe
bioconcentration by the ratio of chemical concentration in the plant tissue to the exposure
concentration. Carbamazepine, caffeine and diclofenac were the most accumulated compounds
(BCF=30.2-32.9) while propranolol, ketoprofen, sulfamethoxazole, sulfadimethoxine were found
to be the least accumulated (BCF=0.2-7.1). Bioconcentration of pharmaceuticals in roots (avg
BCF=14.94) was much higher compared to leaves (avg BCF=6.02) as expected and similar to
others (Dodgen et al. 2015).
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Table 6 Bioconcentration factors of PCs in leaves and roots for each experiment

Acetaminophen Atenolol Carbamazepine Ciprofloxacin Diclofenac Naproxen Propranolol Ibuprofen Ketoprofen Sulfamethoxazol
Leaves
Spiked Tap Water
Effluent 1
Effluent 2
Spiked Effluent 1
Spiked Effluent 2
Roots
Spiked Tap Water
Effluent 1
Effluent 2
Spiked Effluent 1
Spiked Effluent 2

0.0
0.0
0.0
0.0
-

0.0
0.0
0.0
-

8.7
20.9
72.5
23.2
0.3

0.0
0.0
0.0
0.0
0.0

52.7
23.8
22.8
3.8
8.4

0.0
0.0
0.0
0.0

5.1
10.2
2.2
2.7

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
18.1
0.0
0.0

0.0
0.0
0.0
0.0
-

0.0
0.0
0.0
-

21.9
72.8
79.9
21.7
0.8

0.0
0.0
0.0
0.0
0.0

107.8
37.4
29.4
10.7
5.8

259.0
0.0
0.0
0.0

22.7
18.2
3.5
7.3

0.0
0.0
0.0
0.0
0.0

2.7
0.0
0.0
0.0

4.6
0.0
21.2
0.0
0.0
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3.3 Human exposure and risk assessment
Since carbamazepine, diclofenac and caffeine were the highest detected out of the 13
compounds throughout the different experiments in leaf tissues this assessment is mainly focused
on them. The following table presents the tissue content (ng/g), daily consumption (ng/kg based
on 70kg standard bw) and the ADI of the pharmaceuticals of concern. Besides comparing the
average PC concentrations, the highest detected concentration of each compound was also used
to create a risk assessment (see in separate table). Bull et al, 2014; Hyland et al, 2015 and Bruce
et al, 2010. Comparison of ADIs with a daily mass consumed raises no concerns regarding
human health risks. None of the three compounds have reached the acceptable daily limit, in fact
all of them are several magnitudes lower.

Table 7 Estimated ingestion of PCs by human consumption of lettuce leaves (average and
highest detected level)
Compound

Caffeine
Carbamazepine
Diclofenac

Compound

Caffeine
Carbamazepine
Diclofenac

Calculated average
concentration in
lettuce leaves
(ng/g wet wt)

Daily mass of
compound
consumed from
lettuce (ng)

Daily mass of
compound
consumed
(ng/kg)

Maximum
acceptable
daily intake
ng/kg-d

11.4
7.9
6.6

79.8
55.3
46.2

1.14
0.79
0.66

285000
340
107000

Highest
concentration in
lettuce leaves
(ng/g wet wt)

Daily mass of
compound
consumed from
lettuce (ng)

Daily mass of
compound
consumed
(ng/kg)

Maximum
acceptable
daily intake
ng/kg-d

20.3
22.7
10

142.1
158.9
70

2.03
2.27
1

285000
340
107000
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4. Summary
This research aimed to study the uptake of 13 common pharmaceutical compounds in
greenhouse hydroponic cultivation of Lactuca Sativa. Regarding plant health and growth, no
adverse effect was observed on the lettuce. Plant uptake results showed an overall higher
concentration of PC compounds in root tissues while five of the thirteen PCs were completely
ND, namely acetaminophen, atenolol, ciprofloxacin, gemfibrozil, and ibuprofen. Effluent grown
lettuce contained the most variety and concentration of compounds. Caffeine, carbamazepine and
diclofenac were consistently detected in leaf tissues of varying setups confirming their proneness
to translocate from root tissues. Regards to root tissue concentrations, compounds naproxen and
caffeine had the highest levels detected.
Chemical properties and plant physiology play a lot in the process of uptake. Different
plants can be compound specific as an example of a similar study with lettuce where similarly
acetaminophen, atenolol and ibuprofen had no observed uptake (Wu et al, 2012). This
experiment found three compounds consistently showing up in leaf tissues not only confirming
their uptake but also the ability to translocate from root tissues. Diclofenac and carbamazepine
have similar molecular weights (296; 236 g/mol) and both of them are hydrophobic with lower
water solubility and therefore higher partition coefficients. However, caffeine was commonly
detected as well and has opposite characteristics to these compounds. As of now, no specific
chemical property has been strongly linked with results in plant uptake studies.
Bioconcentration factor calculations were also carried out as part of studying the uptake
characteristics of each compounds. Results showed most accumulated compounds to be caffeine,
carbamazepine and diclofenac (BCF=30.2-32.9) while propranolol, ketoprofen,
sulfamethoxazole, sulfadimethoxine were found to be the least accumulated (BCF=0.2-7.1).
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Supporting root tissue PC content results, the bioconcentration of pharmaceuticals in roots (avg
BCF=14.94) was much higher compared to leaves (avg BCF=6.02). A substantial element of this
assessment was the possible human exposure to PCs and toxicity through consumption of lettuce
leaf. For compounds that have shown up in leaf tissues (caffeine, carbamazepine, diclofenac) the
concentrations (both average and highest) were orders of magnitudes lower when comparing
Daily Intake of vegetable and Acceptable Daily Intake of the above pharmaceuticals and
therefore should cause little concern for ingestion.
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